Objective: To determine if migraineurs have evidence of interictal cutaneous sensitisation. Subjects and methods: Thermal and mechanical pain thresholds in 20 episodic migraineurs, 20 chronic migraineurs, and 20 non-migraine control subjects were compared. Quantitative sensory testing was conducted when subjects had been migraine-free for at least 48 h. Heat, cold and mechanical pain thresholds, and heat and cold pain tolerance thresholds were measured. Results: Thermal pain thresholds and thermal pain tolerance thresholds differed significantly by headache group (P ¼ 0.001). During the interictal period, episodic and chronic migraineurs were more sensitive to thermal stimulation than non-migraine controls. Conclusions: Interictal sensitisation may predispose the migraineur to development of headaches, may be a marker of migraine activity, and a target for treatment.
Introduction
Sensitisation of peripheral and central trigeminal nociceptors is implicated in migraine pathophysiology. Central sensitisation involves activity-dependent changes in the excitability and synaptic strength of neurons. Sensitised neurons have receptive field expansion, increased responsiveness to noxious stimuli, increased spontaneous activity, and recruitment of novel low-threshold inputs (1) . During a migraine attack, trigeminal sensitisation may result in reductions in cutaneous pain thresholds and in symptoms of cutaneous allodynia (2) (3) (4) (5) . The majority of migraineurs develop cutaneous allodynia during a migraine (2) . The patient with allodynia may report discomfort with light touch of the skin, wearing eyeglasses and earrings, tight collars, shaving, and laying one's head on a pillow.
Although there have been several studies of cutaneous pain thresholds and cutaneous allodynia during an individual migraine attack, there have been fewer investigations of cutaneous pain thresholds between migraine attacks (2, 3, (6) (7) (8) (9) . Furthermore, cutaneous pain thresholds in subjects with chronic migraine have not been adequately investigated. Interictal investigation of pain thresholds could provide information regarding the propensity for future migraine attacks. If the migraineur maintains a state of persistent sensitisation, activation of the trigeminovascular system would presumably occur with more ease. Thus, there could be a cyclical process of migraine headaches causing sensitisation and sensitisation allowing for easier production of future migraine attacks. If so, interictal cutaneous pain thresholds may serve as a measure of migraine activity and interictal sensitisation as a target for migraine prevention.
This investigation was conducted to compare cutaneous thermal pain thresholds, thermal pain tolerance thresholds and mechanical pain thresholds between migraine attacks (interictal) in episodic migraine subjects, chronic migraine subjects, and non-migraine controls. We hypothesised that subjects with migraine would have reduced pain and pain tolerance thresholds, suggestive of interictal sensitisation, compared to non-migraine controls.
Subjects and methods

Participants
Institutional Review Board approval was obtained from the Washington University Human Studies Committee. Twenty participants were enrolled into each of the three subject groups. Subjects were recruited from the Washington University Headache Center, from the community, and from an institutional database of research volunteers. Headache diagnoses were made according to International Classification of Headache Disorders II criteria (10). Subjects were men and women aged 18-65 years who did not have a medical or neurological disorder that would directly affect quantitative sensory testing (QST) results (e.g. peripheral neuropathy, other sensory disorder), who were free from other chronic pain disorders (e.g. fibromyalgia, reflex sympathetic dystrophy, chronic back pain) and free from current acute pain disorders (e.g. bone or muscle injury, postoperative).
Controls were studied when in their usual state of health and headache-free (tension-type headache) for at least 48 h. Episodic migraine participants were studied after being headache-free (migraine and non-migraine) for at least 48 h. Chronic migraine subjects were studied when migraine-free for at least 48 h. Subjects had not used opiate medication or migraine-specific abortive medications during the 48 h prior to testing.
Measurements
Subjects completed the Migraine Disability Assessment (MIDAS), the State-Trait Anxiety Inventory (STAI), the Allodynia Symptom Checklist (ASC-12), and the Beck Depression Inventory (BDI) (11) (12) (13) (14) . Subjects completed the ASC-12 twice; once for current symptoms (on the day of QST) and again according to their recall of symptoms during their most severe headaches.
QST was performed to determine heat, cold, and mechanical pain thresholds and heat and cold pain tolerance thresholds. Standardised instructions were delivered to the subjects prior to QST testing. 'Pain threshold' was defined as the first instant that the stimulus felt painful. 'Pain tolerance threshold' was defined as the first instant that the subject could no longer tolerate the stimulus. Each subject underwent testing at the right and left forehead and the right and left ventral medial forearm.
Thermal testing was performed using the Medoc Pathway platform with a 30 mm Â 30 mm thermode. The thermode was applied to the skin and fastened with a Velcro strap. The method of limits was used for testing. The thermode adjusts to a baseline temperature of 32 C. Depending upon the modality being tested (heat or cold), thermode temperature increases or decreases by 1 C/s. The subject presses a button on the subject response unit (computer mouse) when the threshold being tested (heat pain, heat tolerance, cold pain, cold tolerance) is reached. The heating or cooling process stops immediately and the thermode returns to the baseline temperature. This test is performed three times for each modality in each body location. The mean of the three trials for each modality in each body location is the pain threshold.
Pressure pain threshold was tested using a set of 20 calibrated von Frey filaments (Bioseb). In an ascending pattern of increasing tensile strength, each filament was applied three times until the subject reported pain on two of three applications. Each filament was held in place for 2 s. Mechanical pain tolerance threshold was not tested in order to avoid bruising.
Statistical analysis
Demographics, headache symptoms, and anxiety, disability, depression and allodynia scores were compared between each of the three groups using the Wilcoxon Mann-Whitney test for continuous variables and Pearson chi-squared or Fisher's Exact tests, as appropriate, for categorical variables.
Descriptive statistics were used to describe pain thresholds and pain tolerance thresholds. von Frey hair filament numbers were converted to grams of pressure for analysis of mechanical pain. Measures on the left and right sides of the body were averaged. To determine if thresholds for each type of pain and tolerance (cold, heat, pressure) differed among headache groups (control, episodic migraine and chronic migraine) and between body region of QST testing (arm vs head), mixed model analysis of variance (SAS PROC MIXED, SAS Institute, Cary, NC, USA) was used with a between-subjects factor (headache group), a within-subjects factor (body region), and the interaction of the two factors. Pair-wise group comparisons were used to test the primary research questions of Schwedt et al. whether significant differences existed in QST thresholds between (i) episodic migraine and controls, (ii) chronic migraine and controls, and (iii) chronic migraine and episodic migraine.
In addition to group comparisons, we compared individual subjects' QST pain thresholds to our control subject normal ranges for skin pain thresholds, defined as the control subject mean AE2 SD. Cutaneous sensitisation was considered present if, after averaging by body region (head and arm), skin pain thresholds fell below that which was considered normal in reference to controls for heat or mechanical pressure, or above that which was considered normal in reference to controls for cold. Subjects who met the criteria for any one of the three modalities (heat, cold, pressure) in at least one of the regions (head or arm) were considered to have sensitisation. To determine whether average QST scores for each modality were correlated with scores from the ASC-12, Spearman's rank order correlation coefficient was used.
For all analyses where pair-wise comparisons are concerned, P-values were adjusted for multiple comparisons using the Tukey method. For all tests, P < 0.05 was considered to be statistically significant. SAS v.9.2 (SAS Institute) was used for all analyses.
Results
Subject demographics, pain level at the time of testing, headache frequency, days since last headache, use of migraine prophylactics, MIDAS score, STAI scores, BDI scores, and ASC-12 scores (at the time of testing and recalled during headache) are shown in Table 1 . Groups did not differ significantly by age, sex, anxiety or depression scores. Pain level at the time of testing was higher in chronic migraine compared to controls (P < 0.001) and episodic migraine (P < 0.001). Chronic migraineurs had fewer number of days since last headache than episodic migraineurs (P < 0.001). MIDAS scores were higher in chronic migraineurs than episodic migraineurs (P < 0.001). More chronic migraineurs were taking prophylactic medications than controls (P < 0.001) and episodic migraineurs (P ¼ 0.008). Episodic migraineurs reported more symptoms of cutaneous allodynia at the time of testing than controls (P ¼ 0.046). Episodic migraineurs and chronic migraineurs reported more cutaneous allodynia symptoms during headache than controls (12 had infrequent tension type headache; both P < 0.001).
Mean thresholds of QST testing for heat and cold are shown by headache group and body region in Figures 1 and 2 . Detailed results of mixed models can be found in the figure captions. Heat pain and tolerance thresholds as well cold pain and tolerance thresholds differed significantly by headache group (all P ¼ 0.001), but mechanical pain thresholds did not (P ¼ 0.119).
Episodic migraineurs were significantly more sensitive to heat and cold stimuli than controls. Chronic migraineurs were more sensitive than controls regarding heat pain, heat tolerance, and cold tolerance (head region only). There were no significant differences between chronic migraineurs and episodic migraineurs for any of the modalities. When use of migraine prophylactic medications was added to the mixed models, prophylactics were not significantly associated with QST thresholds for any of the modalities, and results for group and region comparisons were similar to those reported above. When chronic migraine subjects who were experiencing non-migraine headache at the time of QST were excluded from the analysis, the mean thresholds between chronic migraine and control subjects became slightly larger. This resulted in the chronic migraine to control comparison for cold pain to reach statistical significance (difference in mean values ¼ 7.7 C; P ¼ 0.020).
We compared QST pain thresholds for episodic and chronic migraineurs to normal thresholds based on the control subjects. If the skin pain threshold was below two standard deviations from the control mean for heat (head 42.8 C, arm 42.4 C), above two standard deviations from the control mean for cold (head 25.2 C, arm 16.1 C), or below two standard deviations from the control mean for pressure (15 g for both head and arm), the subject was considered to have cutaneous sensitisation. Using this definition, 10 (50%) episodic migraine and 12 (60%) chronic migraine subjects had cutaneous sensitisation between migraines.
The correlation between pain and pain tolerance thresholds for each modality and ASC-12 scores at the time of testing and during headache was examined. Overall, there were significant negative correlations of heat pain threshold and heat tolerance threshold with ASC-12 scores at the time of testing (Spearman's q ¼ À0.27, P ¼ 0.035; Spearman's q ¼ À0.37, P ¼ 0.004), and with ASC-12 scores recalled during headache (Spearman's q ¼ À0.31, P ¼ 0.025; Spearman's q ¼ À0.30, P ¼ 0.029). There were no significant correlations between cold pain or tolerance thresholds or pressure thresholds with ASC-12 scores.
Discussion
Migraineurs process sensory stimuli abnormally during (ictal) and between migraine attacks (interictal). Prior studies have demonstrated that migraineurs are hypersensitive to light, sound and odours, both ictally and interictally (15) (16) (17) . There is also evidence that migraineurs process somatosensory stimuli abnormally during a migraine, and may be hypersensitive to somatosensory stimuli interictally (2, 3, (6) (7) (8) 18) . Central sensitisation develops in about 75% of migraineurs during an individual migraine attack, leading to symptoms of cutaneous allodynia in some (2, 3) . Prior studies have documented progressive and spreading allodynia during a migraine attack and lower intrasubject pain thresholds during a migraine compared to the interictal state (2) (3) (4) (5) 19) . Only a few studies, with contradictory results, have compared interictal pain thresholds in migraine subjects to non-migraine controls (6, 8, 20) . Furthermore, the majority of investigations have studied subjects with episodic migraine, making the role of sensitisation in chronic migraine less clear (7, 8) .
In our study, episodic and chronic migraine subjects were significantly more sensitive to thermal stimulation when tested interictally compared to non-migraine control subjects. We theorise that these findings suggest an interictal sensitised state present in groups of episodic and chronic migraine subjects. Pain thresholds correlated with current cutaneous allodynia symptom scores (ASC-12), further supporting this assertion. We believe that lower pain thresholds in subjects with migraine are due to interictal central sensitisation. Interictal central sensitisation may be secondary to increased facilitation of ascending nociceptive signals, reduced activity in descending antinociceptive pathways, and/or an increase in descending facilitation (20) (21) (22) . Although we feel it is less likely, one could hypothesise that our findings are explained by peripheral sensitisation of nociceptors in the absence of central sensitisation.
This could be due to spontaneous activity of peripheral nociceptors, an increased sensitivity of peripheral nociceptors to inflammatory mediators, and/or a greater concentration of circulating inflammatory mediators, a phenomenon for which there is evidence in prior migraine studies (19, 23, 24) . However, identification of lower pain thresholds at the arms of migraine subjects suggests sensitisation of third-order neurons, above the level of the trigeminal nucleus caudalis.
We hypothesise that interictal sensitisation may lower the activation threshold of the trigeminal system, thus predisposing the migraine patient to future migraine attacks. We expected that a small proportion of migraine patients would report interictal symptoms of cutaneous allodynia, but that a greater proportion would have reduced cutaneous pain thresholds compared to non-migraine controls. These subjects could be considered to have 'asymptomatic' sensitisation, a process previously termed 'suballodynia' (6, 20) . Even if asymptomatic (not causing symptoms of allodynia), reductions in interictal pain thresholds may be indicative of a mildly sensitised state which could predispose the migraine patient to their next headache. In support of this idea, Sand and colleagues (20) have recently shown that cutaneous pain thresholds decrease within a 24-h period prior to the next migraine attack. In that study, 11 migraine subjects with infrequent episodic attacks (2-6 per month) studied within 24 h of their next migraine had lower heat and cold pain thresholds compared to their interictal thresholds (more than 24 h from previous attack and more than Twelve control subjects had very infrequent tension-type headaches; thus data for allodynia symptoms during headache and for days between last headache and QST testing were restricted to these 12 control subjects.
24 h to next attack). These data suggest that central sensitisation is part of the process of migraine development, and not simply a secondary phenomenon. In addition to lower pain thresholds, we found lower pain tolerance thresholds in our episodic and chronic migraine subjects. Whether pain tolerance is a primarily a result of physiological or psychological factors is a matter of debate. It is possible that the lower pain tolerance thresholds we identified in migraine subjects are explained by the affective response to noxious stimuli (25) (26) (27) . However, we believe that lower pain tolerance thresholds in migraine subjects are directly correlated with lower pain thresholds and are explained by shared physiological factors (25, 28, 29) .
We did not find significant differences in mechanical pain thresholds between subjects with migraine and controls, nor did we find significant differences in pain or pain tolerance thresholds between episodic and chronic migraine subjects. A post-hoc power analysis using standard deviations from our study revealed that with 20 subjects per group and a ¼ 0.05, we had 80% power to detect the following minimum differences when comparing two of the groups to each other: 65.6 g of pressure for mechanical pain, 2.2 C for heat pain, 1.6 C for heat tolerance, 5.5 C for cold pain, and 3.4 C for cold tolerance. With greater sample size, we may have been able to detect smaller differences in mean mechanical pain thresholds. Future studies with larger sample sizes are needed to address this possibility. Furthermore, we hypothesised, but did not find, that chronic migraine subjects would be more sensitive to cutaneous stimulation than episodic migraine subjects. Additional comparisons of episodic and chronic migraineurs are needed in order to support or refute these findings.
A few aspects of our study may have resulted in underestimating the degree of interictal sensitisation present in migraineurs. Enrolment of subjects using migraine prophylactic medications may have increased our likelihood of Type-II error, since it is possible they reduce allodynia/sensitisation when effective (30) . However, use of prophylactic medications was not significantly associated with QST thresholds when added to the mixed models. Thus, this limitation does not invalidate our results. Type II error may also have been increased due to the placement of testing safety parameters. Maximum and minimum temperatures and maximum mechanical force used for testing is limited to avoid injuries. However, some subjects (controls, most commonly) have thresholds that exceed the limits of testing. Since these subjects were assigned the maximum or minimum stimuli tested (e.g. 0 C for cold, 446.7 g for pressure), this study may underestimate the amplitude of interictal sensitisation in migraineurs. Furthermore, we did not collect data on the timing of the next migraine attack in our subjects. A recent publication suggests episodic migraine subjects have reduced pain thresholds in the 24 h prior to migraine onset (20) . Although we cannot entirely exclude this as a confounder, it is unlikely that a substantial proportion of our episodic migraine subjects (median of 5.5 headache days per month) developed a migraine within 24 h of testing.
Conclusions
This study suggests that episodic and chronic migraine subjects are more sensitive to thermal stimulation during the interictal period. A mildly sensitised state may predispose some migraineurs to future migraine headaches, may be a marker of migraine activity, and could be a target for migraine treatment. Further comparisons of cutaneous pain thresholds among episodic migraineurs, chronic migraineurs and non-migraine controls are indicated. Longitudinal studies may help to define better the relationship between sensitisation, migraine frequency, and migraine progression.
